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Abstract: Nanopore desalination technology hinges on high water-permeable membranes which, 
at the same time, block ions efficiently. In this study, we consider a recently synthesized [Science 
363, 151–155 (2019)] phenine nanotube (PNT) for water desalination applications. Using both 
equilibrium and nonequilibrium molecular dynamics simulation, we show that the PNT membrane 
completely rejects salts, but permeates water at a rate which is an order-of-magnitude higher than 
that of all the membranes used for water filtration. We provide the microscopic mechanisms of 
salt rejection and fast water-transport by calculating the free-energy landscapes and electrostatic 
potential profiles. A collective diffusion model accurately predicts the water permeability obtained 
from the simulations over a wide range of pressure gradients. We also find that the osmotic 
pressure across the membrane is very low (~1 MPa), which thus makes it a suitable nanomaterial 
for energy-efficient reverse osmosis. These remarkable properties of PNT can be applied in various 
nanofluidic applications, such as ion-selective channels, ionic transistors, sensing, molecular 
sieving, and blue energy harvesting.  
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Introduction 
There is a serious scarcity of water worldwide, due to the ever-increasing demand for the 
freshwater supply. The rising concerns for the global water shortage pose a grave threat to the 
existence of mankind. Particularly, 1 million people, unfortunately, died in 2017 due to the use of 
polluted water, out of 4 billion people who are currently in the dearth of drinkable water[1, 2]. The 
lack of drinkable water opens a dynamic area of enormous research interest in water purification 
technologies [3, 4]. One way to address this problem is to develop an energy and cost-efficient 
water filtration technique[3, 5].  
Desalination is one of the most widely used methods for providing fresh water given the 
abundant saline water availability[6, 7]. Despite the vast amount of seawater availability, extensive 
research has to be conducted to make desalination a substantial technology[5]. Solar desalination, 
electrodialysis desalination, multi-stage flash distillation and membrane-based desalination 
techniques like reverse osmosis (RO), nanofiltration, microfiltration, ultrafiltration, etc. have been 
implemented to remove salts, large colloidal solutes and other contaminations from water[3, 5-8]. 
However, most of these techniques suffer from several significant disadvantages, such as large 
energy consumptions and high capital costs[3, 5]. RO-based desalination is the best energy-
efficient technology compared to thermal and other desalination techniques[5, 8], yet slow water 
transport through polymeric membranes used in recent RO-based filtration acts as the 
bottleneck[5]. So, there is an urgent need for designing membranes with high water permeabilities 
which also completely reject salt ions[9]. In this regard, carbon-based nanoporous materials and 
several other two-dimensional membranes with fabricated pores show promising properties, where 
the size of a pore is optimized to allow faster water transport while rejecting ions efficiently[10-
19]. 
Carbon nanotubes (CNT), with the high slip flow enhancement property because of the 
smooth hydrophobic pore wall, is suited for achieving higher water permeability[20-25]. There 
are, however, difficulties in making highly aligned and high-density CNT arrays needed to build 
the membrane. Besides, rather low salt rejection rates have been found for experimentally realized 
CNT membranes [16, 26, 27]. Note that, the salt rejection characteristics of CNT membranes can 
be tuned by the end functionalization with various chemical groups[11, 12]; however, the 
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manufacturability of the bulk CNT membranes with the precise end functionalization groups is 
extremely difficult in experiments. On the other hand, 2D materials, such as Graphene, MoS2, etc. 
with nanopore(s) made on these surfaces have been demonstrated in simulations to show excellent 
water transport rate as well as % of ion rejection[13, 14, 18, 19]. However, there is not only the 
difficulty in making scalable membranes out of these 2D materials for large-scale water filtration 
but also the complicacy in experiments to fabricate sub-nanometer diameter pores that prevent ion 
passage.  
Phenine nanotube (PNT) is a recent inclusion to the budding storehouse of the carbon-
based nanomaterials[28]. It has a similar nanotubular structure as CNT but with periodic defect on 
the wall (see Figure 1), and like CNT, the diameter of PNT is determined by its chirality. PNTs 
with chiralities (9,9), (12,12) and (15,15) have been experimentally synthesized using a concise 
nine-step process starting from aromatic benzene, and their lengths can be precisely controlled in 
experiments by teriary-butyl (t-Bu) group terminations [28]. Interestingly, PNTs self assemble to 
form membrane-like structure, and the crystal structure of PNT membrane contains voids that 
encapsulate large molecules like fullerene[28]. In such a membrane, PNTs are found to be highly 
aligned and packed in a tetragonal geometry, and the membrane has a large void fraction of 
63%[28].  The stable PNT membrane with highly aligned, nanoscale diameter pores inspired us to 
ascertain its’s desalination properties.  
The performance of membrane-based water filtration technology hinges on three 
parameters, namely, the fraction of salt rejection (𝜒), the water permeability (𝑝𝑊), and the energy 
(𝐸) required to overcome the osmotic pressure gradiant. For an efficient membrane, 𝜒 should be 
high (~1), i.e., it should prevent the transport of any ion, 𝑝𝑊 should be high, and 𝐸 should be low. 
Therefore, we can define an efficiency parameter 𝜂 = 𝜒 ∙ 𝑝𝑊 𝐸⁄ . In this letter, we show that all of 
the above three parameters are optimized for the PNT membrane, making it one of the best 
membrane, till date, for water desalination application. 
This letter is organized as follows. We first validate our computational model of PNT. Then 
we characterize the electrostatics of PNT solvated in water. The structure and free energy of ions 
and water along the axis of the PNT are provided. In the next section, we determine the water flux 
and salt rejection across PNT membranes, and we support our simulation results of water flux 
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obtained from non-equilibrium pressure gradient simulations by comparing these to the prediction 
of the collective diffusion model. We then provide a framework to calculate the osmotic pressure 
across this membrane. Finally, we conclude and give a brief perspective of several other 
applications of this newly synthesized nanotube. In Methods, we provide system modeling, charge 
calculation, and MD simulation procedures.  
Methods 
Model 
 The atomic model of the CNT is built using Visual molecular dynamics (VMD)[29] 
software and then using an in-house python script, the PNT is constructed by removing specific 
carbon atoms from the CNT. Two different nanotubes of chirality (9,9) and (12,12) and each of 
length 50 Å is built. Using the XLEAP module of Ambertools[30], hydrogen atoms on specific 
carbon atoms are added. To see the effect of the end functional group on desalination, we simulate 
PNT with two different end groups, the one with an experimentally synthesized t-Bu group 
(referred to as PNT) and the other is with hydrogen (referred to as PNT(H)) (Figure 2). The end 
groups (t-Bu or hydrogen) are added on the PNT using the Gaussian[31] software. Each nanotube 
is solvated in TIP3P[32] water with a water buffer of more than 20 Å in length in all three 
directions. Desired number of ions (NaCl or KCl) are added to the solvated system to achieve the 
seawater salinity i.e., 600mM. Further details of the simulated systems are given in section 2 of 
the supporting information (SI). 
Calculation of partial atomic charges 
 To evaluate the partial charges on the PNT atoms, a specific segment of the molecule is 
selected. This is done in such a way that the middle benzene unit has identical surroundings to the 
primordial PNT molecule [Figure S1a of SI]. Then to determine the electrostatic potential (ESP) 
of that segment we employ quantum mechanical calculation using HF/6-31G* basis set with the 
Gaussian software package[31]. The HF/6-31G* level of theory is widely used for charge 
calculation compatible with AMBER force fields. The restraint electrostatic potential (RESP) 
charges are then derived from the ESP, following the same approach as used in the origin RESP 
paper by Kollman et al.[33, 34]. We take the RESP charges on the atoms of the middle benzene 
unit for all the simulations. To calculate the partial atomic charges on the end t-Bu group, we 
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choose a different chunk of the molecule containing two benzene rings and two t-Bu groups 
[Figure S1b of SI]. The partial atomic charges of the end t-Bu groups are estimated following the 
same procedure as mentioned above with restraining the charges on the benzene group as evaluated 
before. The partial charges on the PNT atoms remain fixed during the simulation. All the charges 
are enlisted in Table S1 of SI. 
Force-field parameters  
 The bonded and non-bonded interactions for CNT carbon atoms are modeled using the 
second generation generalized amber force field (GAFF2)[35]. We take Joung/Chetham Lennard-
Jones parameters[36] to describe the interaction of ions with water and CNT or PNT. To determine 
the bonded and non-bonded parameters of PNT, we use the Antechamber module[37] with 
parameters taken from GAFF2. 
Equilibrium MD simulations  
 The built structures are first subjected to several steps of energy minimization to eliminate 
any bad contacts between the atoms. This involves 2000 steps of steepest descent and 3000 steps 
of conjugate-gradient minimization. The nanotube is restrained to its initial position with a 
harmonic force constant of 500 kcal/mol.Å-2 during the minimization. Then the systems are 
subjected to another 5000 steps of minimization with a reduced harmonic force constant of 20 
kcal/mol.Å-2 on the nanotube. Then the restraint on the nanotube is gradually decreased from 20 
kcal/mol.Å-2 to 0 kcal/mol.Å-2 with steps of 5 kcal/mol.Å-2 in 20000 energy minimization steps. 
The energy minimized structures are then gradually heated from 10 K to 300 K within 50 ps in the 
NPT ensemble. During the heating, the nanotube is restrained to its initial position with a harmonic 
force constant of 20 kcal/mol.Å-2. We then equilibrate the systems by performing 2 ns simulation 
in the NPT ensemble at T = 300 K and P = 1 bar. The equilibrated structures are then subjected to 
more than 100 ns long MD simulation in the NVT ensemble. The temperature regulation is 
achieved by Langevin thermostat[38] with a collision frequency of 2 ps-1. Unless specified, we use 
the Berendsen weak coupling method[39] with isotropic pressure scaling to maintain the pressure 
during NPT simulations. Shake algorithm[40] is employed to constrain the hydrogen atoms during 
the simulation which allows us to use an integration time step of 2 fs. Long-range Columbic 
interactions are evaluated by implementing particle mesh Ewald[41] method with a  real-space 
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cutoff of 10 Å. Similar methodologies have been successfully implemented in several of our 
previous studies[42, 43].  
Free-energy and electrostatic potential map calculations 
The potential of mean force (PMF) along the long axis of a nanotube (taken as the reaction 
coordinate, 𝑧, here) are obtained employing the umbrella sampling (US) method[44]. We use a 
harmonic biasing potential of the form 𝑘𝑧(𝑧 − 𝑧0) 
2 to restrain a molecule (water, 𝑁𝑎+, or 𝐶𝑙−) at 
a position (𝑧0) along 𝑧 with a force constant of 1 kcal/mol.Å
-2. An additional restraint of very low 
force constant of 0.028 kcal/mol.Å-2 in botn X- and Y- direction is added when the molecule is 
outside the nanotube to restrain the molecules in the circular region of area equivalent to the 
nanotube pore area. A similar methodology has been implemented to calculate the free energy of 
ions inside the CNT pore by Corry et. al.[11, 12] We use 1 Å bin window size to sample the whole 
range of the reaction coordinate. In each window, we run 4 ns of NVT simulation to accumulate 
the trajectory. The PMF profile is then constructed employing the weighted histogram analysis 
method[45]. 
The electrostatic potential, 𝜙(𝑟) has been computed by solving the Poisson equation, 
 ∇2𝜙(𝑟) = −4𝜋 ∑ 𝜌𝑖(𝑟)
𝑖
 
(1) 
where the sum, 𝑖 runs over all the atoms and the charge density, 𝜌𝑖(𝑟) is approximated by a 
spherical Gaussian  
Here 𝜔 is the inverse width of the Gaussian as defined by Aksimentiev et al. in the original 
paper of electrostatic potential map calculation[46]. The instantaneous potential profile, 𝜙(𝑟), is 
then averaged over the last 25 ns of the whole simulation and considering all charged atoms present 
in system. 
 𝜌𝑖(𝑟) = 𝑞𝑖 (
𝜔
√𝜋
) 𝑒−𝜔
2|𝑟−𝑟𝑖|
2
 
(2) 
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Membrane modeling and hydrostatic pressure gradient simulation 
 A porous membrane is created by arranging the twelve (9,9) PNT molecules, each of length 
50 Å, in a hexagonal lattice (see Figure 4a). This is done to achieve the closest packing structure 
possible for the PNT membrane. Also, carbon nanotube membranes are known to exist in the 
hexagonal close packing structure[16], which prompted us to build the membranes in the 
hexagonal lattice. Another possible structure of the PNT membrane can be tetragonal as the crystal 
structure of the membrane provided in the original paper was tetragonal, but many fullerene (C60) 
molecules were enclosed in between different parts of the membrane[28]. Furthermore, it is not 
yet known that wheather the PNT molecules will form the tetragonal lattice without such bulky 
fullerene molecules. So we decided to carry out our study of desalination on hexagonally packed 
membrane. Periodic boundary conditions are implemented such that it forms a continuous 2D 
membrane [Figure 4a, b]. A water layer of 30 Å on either side of the membrane is added with an 
appropriate number of Na+ and Cl- placed randomly such that the net concentration of NaCl in 
water becomes 600 mM. To check the thermodynamic stability of the assembled membrane, we 
then carry out 100 ns of NPT simulation with anisotropic pressure coupling in the z-direction. 
Final structures from the NPT simulation are picked for the hydrostatic pressure difference 
simulations. The hydrostatic pressure is implemented across the membrane by a method originally 
developed by Zhu et al.[47] A constant force 𝑓 is applied to all the water molecules and ions along 
the z-direction. Due to the periodic nature of the box, this induces a pressure gradient, Δ𝑃, across 
the membrane given by 
 Δ𝑃 = 𝑁𝑓/𝐴 (3) 
where 𝑁 is the total number of molecules and 𝐴 is the cross-sectional area. Five different 
simulations of hydrostatic pressure gradient of 50, 100, 200, 300, 400 MPa are carried out for 100 
ns each, in the NVT ensemble.  
Osmosis  
In order to introduce the osmotic pressure gradient, we assemble two PNT membranes 
separated by two water compartments, one filled with pure water and the other with the saltwater 
of salinity 600 mM, 1000 mM, or 2000 mM. All the built systems with different NaCl salinities 
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are then subjected to 300 ns to 500 ns MD simulation in the NPT ensemble. Berendsen barostat 
with an anisotropic pressure coupling and Langevin thermostat is used for these simulations. For 
the osmotic pressure calculation, the linear region of the time evolution of water flux, as shown in 
Figure S5 of SI, is used. The discussion of the model/method used for the osmotic pressure 
calculation is given in the section 7 of SI.   
Softwares used for simulations, visualizations, and analyses 
 All the equilibrium MD simulations are performed using PMEMD and 
PMEMD.CUDA[48, 49] modules of AMBER package. The non-equilibrium pressure gradient 
MD simulations are performed in NAMD2[50, 51] software package. Visualizations are done 
using VMD[29] and UCSF Chimera software[52]. Analyses are performed using CPPTRAJ[53], 
MDTRAJ[54], VMD[29], python and TCL scripts. 
Results and Discussion 
Structure and electrostatics of PNT 
 In order to validate the parametrized partial charges and force field for PNT, we simulate 
the (12,12) PNT(H) of length 50 Å in pure water for 500 ns. The final structure after 500 ns 
simulation is very much comparable to the original experimental crystal structure (Figure 1). We 
then calculate the root mean square deviation (RMSD) of the MD simulated PNT(H) with respect 
to the crystal structure. For the RMSD calculation, we choose the carbon atoms only and the size 
of the nanotube same as the crystal structure. The calculated RMSD shows very small fluctuation 
(~0.4 Å), which confirms that the partial atomic charges and the force field parameters are accurate 
enough to maintain the crystal structure of PNT (Figure 1). Furthermore, it is well known from the 
literature that CNT of chirality (12,12) with a diameter of 16.27 Å contains bulk-like water 
structure inside and allows passage of almost all kinds of salt ions, without any energy barrier[55]. 
Likewise, one would expect that PNT of chirality (12,12) will not be an appropriate nanomaterial 
for the water filtration process. Thus, for the water desalination application, we choose PNT of 
chirality (9,9) which has been synthesized experimentally[28] and has a much smaller diameter 
(d=12.21 Å) than (12,12) PNT. Here onwards, all the results presented in this study are for (9,9) 
PNT. 
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Figure 1. Validation of the molecular model of PNT. (a) Top view and (b) side view of the MD simulated structure of 
PNT(H) after 500 ns. (c) Top view and (d) the side view of the experimentally synthesized crystal structure. The 
experimental crystal structure is obtained from Cambridge Crystallographic Database Centre (CCDC-1844346)[28]. 
(e) Time evolution of the root-mean-square deviation (RMSD) in atomic positions of the in silico modeled PNT with 
respect to the crystal structure. 
 The structure and dynamics of water inside a nanopore and in its vicinity play a crucial role 
in determining both water permeation and salt rejection properties of the nanopore. We, therefore, 
probe the water density and the electrostatics around and inside the nanotube. To calculate these 
properties for each system (PNT, PNT(H), and CNT) as shown in Figure 2, we use the last 25 ns 
data from the 100 ns-long simulation during which only the nanotube’s central segment is 
restrained such that the dynamics of the terminal functional groups remain unaffected. The average 
water densitiesalong the nanotube’s axial and radial directions are plotted in Figure 2d and 2e, 
respectively. Unlike CNT, we observe periodic spikes in the density of water along the axial 
direction of PNT. This signifies that some positions inside PNT are favorable for water. From a 
careful examination of the trajectory, we find that water molecules are more in number in the 
vicinity of the hydrogen atoms attached to the phenine group. As the hydrophobicity of CNT wall 
is reduced with defects[56], we observe more water near the perodic defects of PNT. Around the 
two terminal regions, the number of waters inside PNT is fewer than that of PNT(H), which is due 
to the presence of bulky t-Bu groups. Furthermore, from the radial density profiles, one can discern 
the more ordered structure of water inside CNT compared to that of PNT. Also, owing to the 
periodic defects in the PNT wall—where water molecules stick—the hydrophobic nature of PNT 
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is expected to be much lesser than CNT (with a smoother wall). As a result, a greater number of 
water molecules are found inside PNT compared to CNT (Figure S2e of SI).  
 The average electrostatic maps of the whole system calculated using VMD are shown in 
Figure 2. For CNT, the electrostatic potential of the bulk and inside the nanotube is almost similar 
(Figure 2f). In contrast, compared to the bulk, PNT has an electrostatic potential energy well for a 
positively charged particle inside it, as well as near its mouth as shown in Figure 2g. Also, as 
shown in Figure 2h, PNT(H) has same electrostatic potential energy profile as PNT, except near 
its mouth region because of the absence of t-Bu groups. This indicates that PNT or PNT(H) can 
act as a cation-selective pore and can completely reject  anions. Note that CNT rejects ions by the 
size exclusion principle that includes the cost of partial or complete dehydration of the ions (Figure 
3d). In contrast, for PNT, in addition to the size exclusion principle, the charge expulsion 
mechanism because of the electrostatic gating effect is expected to play an important role in ion 
rejection.  
 
Figure 2. Initial structures, water density, and electrostatics of the PNTs and CNT. In silico modeled (a) CNT, (b) 
PNT with tertiary butyl as end functionalization group and (c) PNT with hydrogen as end functionalization group 
referred to as PNT(H). The chirality of each nanotube is (9,9), and the length is 50 Å each. The cyan dots are carbon 
atoms and the red dots are hydrogen atoms. (d) Water density along the axis of the nanotube. The shaded area in the 
graph corresponds to the region inside the nanotube. (e) Water density along the radial direction of the nanotube. 
The top view and the side view of the electrostatic potential map of (f) CNT, (g) PNT, and (h) PNT(H) immersed in 
water. 
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Free energy profile of ions across PNT 
 To quantify the dehydration and/or electrostatic effects mentioned above, we compute the 
free energy along the long axis of the nanotube (Figure 3). For both CNT and PNT, we found that 
the water spontaneously enters the pore and move through them without any energy barrier. The 
periodic spikes in free energy profile of water inside PNT (Figure 3b) correctly captures the 
different energetically-favorable locations of water which are also prominent in the water density 
profile (Figure 2d) discussed earlier. In contrast, Cl- ion faces a free-energy barrier of 5 kcal/mol 
for entering into CNT; whereas for Cl- entering into PNT, the barrier is slightly higher (~6 
kcal/mol) due to the negative electrostatic potential inside PNT. A completely different behavior 
is observed for Na+ ion translocation into CNT and PNT. Na+ faces a free energy barrier of ~2 
kcal/mol for entering into CNT, whereas for PNT it faces a much smaller free-energy barrier of 
~0.6 kcal/mol to enter inside the pore. Once inside, the free energy decreases to −0.9 kcal/mol 
inside the pore lumen of PNT (Figure 3b,c). As the CNT pore is in equipotential with the bulk, the 
barrier arises mainly due to the dehydration of ions (Figure 3d). In contrast, PNT has a negative 
potential inside, thus there is a competition between the energy cost due to dehydration of cations 
and the energy gain due to entering the negative potential region. Compared to the pore lumen of 
PNT, the dehydration of ions at both the entrances of PNT is more due to the presence of the bullky 
t-Bu groups. Since there is no such dehydration of ions at the entrances of PNT(H), cations face 
no such energy barrier (Figure 3c). The free energy profiles suggest that PNT(H) can be used as a 
cation selective nanochannel, whereas PNT, which blocks both cations and anions, can be a 
suitable nanomaterial for water desalination. In order to verify the spontaneous insertion of cations 
and rejection of anions into PNT(H), we perform several simulations of both saline water (0.15 M 
of NaCl or KCl) and seawater (0.6 M of NaCl or KCl). Indeed, we observe that cations (Na+ and 
K+) spontaneously move into and translocate through PNT(H), whereas Cl- ions almost never 
permeate through the nanotube (see Figure S2 of SI).   
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Figure 3. Free energy profiles of ions along the axis of (a) CNT and (b) PNT(H), each of chirality (9,9). (c) The free 
energy profile of Na+ ion is shown for PNT and PNT(H). (d) Schematic representation of the molecular mechanism 
of dehydration of ions while passing through the nanotube. The large hydration shell of ion losses some water as it 
enters the nanotube. The middle brown circle is the ion and around it, the first and second water solvation shells are 
shown with different shades of blue color. (e) Molecular structure of water around the ions inside the nanotube.  
Purple is for Na+ ion and green is for Cl- ion. The more electronegative oxygen atoms of water are pointing towards 
the Na+ ion; whereas for Cl-, the electropositive hydrogen atoms of water are pointing towards it.  
Cl- ions experience a higher free-energy barrier to enter inside both the CNT and PNT, 
compared to Na+ and K+ ions (Figure 3a,b). This can also be explained by the dehydration of each 
ion when it enters into the nanotube, as schematically represented in Figure 3d. When the ions are 
in bulk, they are fully hydrated and surrounded by water molecules. An ion’s solvation shells radii 
depend on its van der Walls (vdW) radius and charge.   The vdW radius as well as the radii of the 
solvation shells of Cl- ion are larger than that of Na+ and K+ ions. As a result, Cl- ion has to lose 
more water molecules compared to the other cations (Figure S3 of SI), which causes a higher free-
energy penalty for Cl- . Apart from the dehydration effect, additional contributions to the free-
energy barrier arise because of the water dipolar effect. Water orients differently in the vicinities 
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of cations and anions. For a solvated Na+, hydrogen atoms of the water molecules face away from 
Na+, whereas for Cl-, oxygen atoms of the water molecules face away from Cl- (Figure 3e). As the 
electropositive hydrogen atoms of the water molecules like the electronegative carbon atoms of 
the nanotube wall, there is an extra energy penalty for the entry of a solvated Cl- ion into the 
nanopore. In contrast, no extra energy panalty for a solvated Na+ ions. Also, the periodic spikes in 
free energy profiles of the ions inside the PNT occur because of this reason mainly. When the 
electropositive hydrogen atoms of the water molecules face the electropositive hydrogen of the 
PNT wall, the penalty increases slightly. Similarly, when the electronegative oxygen atoms of the 
water molecules face the electropositive hydrogen of the PNT wall, the penalty decreases slightly.  
Water permeation and salt rejection through the PNT membrane 
 We investigate the effect of hydrostatic pressure gradiants on the water flow rate (or flux) 
and on the percentage (%) of salt rejection (Figure 4). We find that for each applied pressure, the 
number of water molecules passing through a membrane increases linearly with time (Figure 4c,d). 
From the slope of the last 50 ns simulation data, we obtain the water flux at each pressure. The net 
water-flow rates across both PNT and PNT(H) membranes increase linearly with the applied 
pressure gradiant (Figure 4h). The water flow rate at each applied pressure is significantly lower 
for the PNT membrane, compared to the membrane made of PNT(H). This is due to the bulky t-
Bu groups present at the entrances of PNT. We also estimate the effective water permeability 
normalized by the membrane area and applied pressure, and compare the performance of PNT 
membrane with other existing membranes for water filtration in terms of the so-called 
permeability–selectivity trade-off (Figure 4g). The water permeability for the PNT(H) membrane 
is ~3576 liter/cm2/day/MPa, which is lowered down by 92 % to 281 liter/cm2/day/MPa for the 
PNT membrane—but this is still higher than all the existing technologies. Note that we implement 
in our simulations higher hydrostatic pressures (in the range of 50−400 MPa) than the operating 
pressure of most of the RO plants (~ 5−10 MPa)[8]. This is done to achieve a significant number 
of water permeation events during short simulation time scale. Since the water flow rates for both 
PNT and PNT(H) membranes increase linearly with the applied pressure, our results can be 
extrapolated to the lower pressure regime usually employed in the experiemnts. 
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The water flux through a semi-permeable membrane depends mainly on its porous nature 
and the amount of void area enclosed. Also, the mobility of water inside the nanopore has a 
significant contribution to the water flux. We find that the water flux through the PNT membrane 
is very high compared to other conventional or theoretically predicted CNT membranes and 2D 
pores. We think this mainly due to the presence of large void area and porous nature of the PNT 
membrane. CNT with charility up to (8,8) can only successfully reject all ions. Despite of having 
higher diameter compared to (8,8) CNT, (9,9) PNT rejects all ions. Naturally, the porosity of (9,9) 
PNT is higher than (8,8) CNT. Futhermore, in this study, we take the width of the membrane as 5 
nm. One can also increase the water flux by reducing the membrane thickness. However, in doing 
so, one has to keep in mind the mechanical stability of the membrane under the applied pressure. 
The mechanical stability analysis of these membranes is beyond the scope of this study. One can, 
however, achieve a higher mechanical stability by using similar technology as conventional RO 
plant uses[8]. There the mechanical stability of any water filtration membrane is increased by 
adding support of the polysulfone layer[8].  
 The crucial property of these nanotubes is their capability to hinder the passage of ions 
very efficiently. We calculate the ion rejection % for these membranes under different applied 
pressures. The ion rejection % is calculated using the following definition, 
 
𝑅(%) =  (1 −
𝐽𝑖𝑜𝑛
𝐽𝑤𝑎𝑡𝑒𝑟
×
𝐶𝑤𝑎𝑡𝑒𝑟
𝐶𝑖𝑜𝑛
) × 100 
(4) 
where J corresponds to the flux and C corresponds to the concentration of a specific species (water 
or ion). For a membrane to be effective for water filtration, the ion rejection should be 100% with 
water permeability as high as possible. Our results for the salt rejection % suggest that the PNT 
membrane is an excellent candidate to desalinate water (Figure 4e). It can reject 100 % Cl− up to 
400 MPa and more than 90 % Na+ up to 200 MPa. Almost 100 % of all the ions are rejected when 
the pressure gradient is under 50 MPa. But, the ion rejection % for the PNT(H) membrane (Figure 
4f) is much less due to the low or negligible free-energy barrier for the ions at the nanotube’s 
entrances. Moreover, the ion rejection % decreases with the increase in pressure. Also, the Na+ ion 
rejection % is lower than the Cl− ion rejection % due to the nature of the free-energy profiles as 
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discussed earlier. All the ion rejection % and water permeation values are reported in Table-S7 
and S8 of SI.   
The reduction in the ion rejection % with the increase in the applied pressure (Figure 4e,f) 
can be qualitatively explained by a simple, Arrhenius-like kinetic model[13]. According to the 
model, the rate of permeation 𝑑𝑁𝑖/𝑑𝑡 of a species, 𝑖, can be approximated as  
 𝑑𝑁𝑖
𝑑𝑡
= 𝐴𝑖exp [𝛽𝛺𝑖𝑃 − 𝛽(𝛥𝐸𝑖 − 𝑇𝛥𝑆𝑖)] 
(5) 
where 𝐴𝑖 represents the attempt rate of the species 𝑖, which can be considered constant for a 
particular membrane at a constant temperature, 𝛺𝑖 represents the effective volume of the species 
𝑖, and 𝑃 is the pressure. 𝛥𝐸𝑖 − 𝑇𝛥𝑆𝑖 denotes the free-energy barrier faced by the species, 𝑖, while 
traversing through the membrane. The salt ion has a larger effective volume and faces a higher 
free-energy barrier which makes its permeation difficult compared to a water molecule (whose 
free-energy barrier is close to zero). Furthermore, both the effective volume and the free-energy 
barrier are higher for Cl− than Na+, thus making  the permeation of Na+ easier. This simple model 
qualitatively explains the relative difference of permeation rates between different species of ions. 
Though the model predicts an exponential increase in the permeation rate with the applied 
pressure, the simulated water-permeation rate, however, increases linearly with pressure (Figure 4 
h). We are able to quantitatively reproduce the simulated water-permeation rate versus pressure 
curves using the collective diffusion model[57]. In this model, the movement of water inside a 
nanopore is assumed to follow a coupled many-body dynamics and is described by a collective 
coordinate 𝑛(𝑡), which denotes the net amount of water permeation at time 𝑡. The net water flux 
𝑗𝑤 can be written as  
 𝑗𝑤 =  
⟨𝑛(𝑡)⟩
𝑡
=
𝑓𝑙
𝐾𝐵𝑇
𝐷𝑛 = −
𝑉∆𝑃
𝑁𝐾𝐵𝑇
𝐷𝑛. 
(6) 
Here 𝑓𝑙 = −
𝐴𝑙∆𝑃
𝑁
=  −∆𝑃𝑉/𝑁; 𝐴 is the cross-sectional area of the membrane, 𝑉 (= 𝐴 × 𝑙) is the 
volume of the simulation box, 𝑁 is the total number of water molecules, ∆𝑃 is the pressure 
gradient, and 𝐷𝑛 is defined as the collective diffusion coefficient of 𝑛. The detailed derivation of 
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Equation 6 is given in section 6 of SI. To determine the equilibrium diffusion constant of 𝑛 (𝐷𝑛), 
we first compute the number of water permeation events at each time step in the equilibrium 
simulation, which denotes the instantaneous value 𝑛(𝑡). Then from the slope of ⟨𝑛2(𝑡)⟩ versus 
time graph, we evaluate 𝐷𝑛. 𝐷𝑛 obtained from the equilibrium simulation is used to estimate the 
water flux under different pressure gradients using equation 6. As shown in Figure 4 h, the 
collective diffusion model’s prediction of the water flux match very well with the simulated water 
flux, when the pressure gradient is not very high. At a very high-pressure gradient, the 
configuration of the channel and the terminal t-Bu groups deviate considerably from their 
equilibrium configurations, and thus the evolution of ⟨𝑛2(𝑡)⟩ can no longer satisfy Einstein relation 
(Equation S2 of SI). Overall, this simple model is able to predict accurately the water fluxes  under 
a range of applied pressure gradients using only equilibrium simulations data.  
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Figure 4. Water permeation and salt rejection through PNT membrane. (a) Initial setup of the PNT membrane in a 
hexagonal lattice. (b) Side view of the same system with added water and NaCl. The rectangular (orange) box 
represents the simulation unit shell. Filtered water molecules as a function of simulation time through (c) PNT and 
(d) PNT(H) membranes. Salt rejection efficiency of (e) PNT and (f) PNT(H) membranes. (g) Comparison of water 
desalination performance of the current PNT membrane with existing technologies. (h) Water Flux calculated from 
non-equilibrium pressure gradient simulations (data points) and from the collective diffusion model (line). The red 
color is for the PNT membrane while the blue color is for the PNT(H) membrane. 
Osmosis 
The osmotic pressure across a membrane due to a salt concentration gradient is one of the crucial 
thermodynamic quantity in the context of reverse osmosis (RO) membrane-based water 
desalination. To introduce an osmotic pressure gradient in the simulation, we assemble two PNT 
membranes separated by two water compartments, one filled with pure water and the other with 
the saltwater of salinity 600 mM, 1000 mM, or 2000 mM (Figure 5a). Similar simulation set-up 
g 
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was used earlier by Kalra et al.[58] to study the osmotic transport of water across CNT membranes. 
The sub-nanometer pores of the PNT membrane allow passage of water but not Na+ and Cl- ions; 
thus, an osmotic pressure gradient across the membrane is created. As a result, during the 
simulation, the pure water compartment drains out, and consequently, the saline water 
compartment expands. This water flow pushes the two PNT membranes in the opposite direction, 
which eventually leads to the self-association of the two PNT membranes in the energy minimized 
configuration (see Figure S6 of SI ). This simulation set-up allows us to study the collective 
diffusion of water due to an osmotic pressure gradient[56].  
To calculate the osmotic pressure, we first estimate the water permeation across the two 
membranes (see Figure S5 of SI). Then, from the linear region of the average water permeation 
versus time data, we calculate the net water flux followed by the osmotic pressure using Equation 
S7 of SI. The calculated osmotic pressure across the PNT membrane is ~1.5 MPa for seawater 
(i.e., 600 mM salt), and it increases linearly with the increase in water salinity (Figure 5b). As the 
osmotic pressure is much less than the typical pressure applied in RO-based plants (~10 MPA)[56], 
the PNT membrane is an excellent nanomaterial that can be used for energy-efficient water 
desalination.   
 
Figure 5. Osmotic pressure calculation across the PNT membrane. (a) Initial setup of the system for osmotic pressure 
calculation. The two PNT membranes are separated by two water compartments, one filled with pure water and the 
other with the saltwater of salinity 600 mM, 1000 mM, or 2000 mM. The rectangular box in yellow represents the 
simulation unit shell. (b) Osmotic pressure as a function of salt concentration for both PNT and PNT(H) membranes 
as calculated from the simulations. 
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Conclusions 
In summary, using all-atom MD simulations, we have characterized the structure, 
thermodynamics, and kinetic behavior of water and ions inside PNT, which has been recently 
synthesized in experiments[28]. Our results indicate the fascinating properties of PNT that can be 
utilized for a variety of applications, from water desalination to selective biomimicking ion 
channels. Employing non-equilibrium pressure-driven water flow simulations, we have shown that 
the PNT membrane can reject all ions while allowing water flow with permeabilities several orders 
of magnitude higher than all the existing membranes for water filtration available in literature. 
Using the free-energy profile and the electrostatic potential map calculations, we have provided 
the microscopic origin of the complete salt rejection (100 %) and the ultrahigh water permeability. 
Our collective diffusion model reproduces the water flow rate across the PNT membrane in 
quantitative agreement with the simulation data. The osmotic pressure across these membranes 
determined from the simulation is very low which indicates that these membranes can also be very 
energy efficient for reverse osmosis application. We believe that the results will encourage 
experimentalists to test the PNT membrane for water filtration, and will aid in designing next-
generation membranes for water desalination technology.  
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48. Götz, A.W., et al., Routine microsecond molecular dynamics simulations with AMBER on GPUs. 1. 
Generalized born. Journal of chemical theory and computation, 2012. 8(5): p. 1542-1555. 
49. Salomon-Ferrer, R., et al., Routine microsecond molecular dynamics simulations with AMBER on 
GPUs. 2. Explicit solvent particle mesh Ewald. Journal of chemical theory and computation, 2013. 
9(9): p. 3878-3888. 
50. Phillips, J.C., et al., Scalable molecular dynamics with NAMD. Journal of computational chemistry, 
2005. 26(16): p. 1781-1802. 
51. Kalé, L., et al., NAMD2: greater scalability for parallel molecular dynamics. Journal of Computational 
Physics, 1999. 151(1): p. 283-312. 
52. Pettersen, E.F., et al., UCSF Chimera—a visualization system for exploratory research and analysis. 
Journal of computational chemistry, 2004. 25(13): p. 1605-1612. 
53. Roe, D.R. and T.E. Cheatham III, PTRAJ and CPPTRAJ: software for processing and analysis of 
molecular dynamics trajectory data. Journal of chemical theory and computation, 2013. 9(7): p. 3084-
3095. 
54. McGibbon, R.T., et al., MDTraj: a modern open library for the analysis of molecular dynamics 
trajectories. Biophysical journal, 2015. 109(8): p. 1528-1532. 
23 
 
55. Thomas, J.A. and A.J.H. McGaughey, Water Flow in Carbon Nanotubes: Transition to Subcontinuum 
Transport. Physical Review Letters, 2009. 102(18): p. 184502. 
56. Marbach, S. and L. Bocquet, Osmosis, from molecular insights to large-scale applications. Chemical 
Society Reviews, 2019. 48(11): p. 3102-3144. 
57. Zhu, F., E. Tajkhorshid, and K. Schulten, Collective diffusion model for water permeation through 
microscopic channels. Physical review letters, 2004. 93(22): p. 224501. 
58. Kalra, A., S. Garde, and G. Hummer, Osmotic water transport through carbon nanotube membranes. 
Proceedings of the National Academy of Sciences, 2003. 100(18): p. 10175-10180. 
  
24 
 
Supporting Information 
 
Highly permeable phenine nanotube membranes for water 
desalination 
Supriyo Naskar, Anil Kumar Sahoo, Mohd Moid, and Prabal K. Maiti* 
Center for Condensed Matter Theory, Department of Physics, Indian Institute of Science, 
Bangalore 560012, India 
*Corresponding author, e-mail: maiti@iisc.ac.in 
 
Table of Contents  
1. Partial atomic charge calculation. 
2. Details of the simulated systems. 
3. Number of ions and water molecules inside different nanotubes. 
4. Radial distribution function and coordination number of ions in bulk and confinement. 
5. Water flux and salt rejection data. 
6. Collective diffusion model. 
7. Osmotic pressure calculation. 
  
25 
 
1. Partial atomic charge Calculation 
Fragments of the PNT molecule used for the calculation of partial atomic charges.   
 
Figure S1. (a) The segment of the PNT molecule utilized for RESP charge calculation. The charge of the middle 
segment (the numbered particles) is used in our simulation. (b) The fragment used to calculate the charge on the 
tertiary butyl group. The molecule enclosed by a circle is the  tertiary butyl group. (c) Chemical structure of tertiary 
butyl group. The numbers are used for indexing to provide the partial charges. The RESP charges are provided in 
Table S1.  
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Table S1. Values of the calculated charges.  
The index number of the atoms are given in figure S1. 
Index number RESP Charge  Index number RESP Charge 
  1 -0.0304 8 0.1374 
2 -0.1070 9 0.1374 
3 -0.0304 10 0.17385 
4 -0.1070 11 0.1739 
5 -0.0304 12 0.1739 
6 -0.1070 13 -0.5469 
7 0.1374 14 0.0756 
 
For the tertiary butyl group, all three CH3 groups have the same value of RESP charge. The partial 
atomic charges, modified force-field and the built structures are available upon request.  
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2. Details of the simulated systems 
Table S2. Details of the (12,12) PNT(H) system in water. 
System Initial box dimensions Total number of atoms 
(12,12) PNT(H)  63.12 × 62.92 × 98.26 31390 
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Table S3. Details of the systems for PMF Calculation of ions along the nanotube axis. The PMF 
profile plotted in the figure 3 of the main text is performed on the following systems. The chirality 
of each nanotube is (9,9). 
System Initial box dimensions Total number of atoms 
Na+ along the CNT 58.9 × 59.1 ×  98.2 27770  
K+ along the CNT 58.9 × 59.1 ×  98.2 27770 
Cl- along the CNT 58.9 × 59.1 ×  98.2 27770 
Water along the CNT 58.9 × 59.1 ×  98.2 27774 
Na+ along the PNT(H) 58.9 × 59.1 ×  98.2 27788 
K+ along the PNT(H) 58.9 × 59.1 ×  98.2 27785 
Cl- along the PNT(H) 58.9 × 59.1 ×  98.2 27788 
Water along the PNT(H) 58.9 × 59.1 ×  98.2 27789 
Na+ along the PNT 58.9 × 59.1 ×  98.2 27788 
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Table S4. Details of the systems for the calculation of spontaneous ion insertion inside nanotubes. 
The ion number profile as a function of simulation time, plotted in the figure S2 of the SI is 
performed on the following systems. The chirality of each nanotube is (9,9). 
System Number of Na+ Number of Cl- Number of water 
molecules 
Total number of 
atoms 
CNT with 
150mM NaCl 
solution 
26 26 8942 27670 
CNT with 
150mM KCl 
solution 
26 26 8942 27670 
CNT with 
600mM NaCl 
solution 
101 101 8808 27418 
CNT with 
600mM KCl 
solution 
101 101 8832 27490 
PNT(H) with 
150mM NaCl 
solution 
26 26 8955 27685 
PNT(H) with 
150mM KCl 
solution 
26 26 8955 27685 
PNT(H) with 
600mM NaCl 
solution 
102 102 8827 27453 
PNT(H) with 
600mM KCl 
solution 
102 102 8836 27480 
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Table S5. Details of the PNT membrane system. The water flow calculation is performed on the 
following systems. The chirality of each nanotube is (9,9). 
System Number of Na+ Number of Cl- Number of water 
molecules 
Total number of 
atoms 
PNT in 600 mM 
NaCl solution 
53 53 4593 24829 
PNT(H) in 600 
mM NaCl 
solution 
44 44 3852 20860 
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Table S6. Details of the systems for osmosis study. The chirality of each nanotube is (9,9). 
System Salinity of the system Number of 
Na+ 
Number of 
Cl- 
Number of 
water 
molecules 
Total 
number of 
atoms 
PNT 600 mM NaCl solution 51 51  9612 50826 
1000 mM NaCl solution 85 85 9544 50690 
2000 mM NaCl solution 170 170 9374 50350 
PNT(H) 600 mM NaCl solution 50 50 9334 46534 
1000 mM NaCl solution 84 84 9266 46398 
2000 mM NaCl solution 168 168 9098 46062 
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3. Number of ions and water molecules inside different nanotubes 
We have simulated a single (9,9) CNT/PNT(H) inside a water box with NaCl salinity 150mM and 
600mM. We then calculated the number of ions entering into the nanotube during the 100 ns long 
simulation.  
 
 
 
 
 
 
 
 
 
 
Figure S2. Numbers of ions inside the nanotube during the simulation. The Red line corresponds to the number of 
Na+ ion where the system contains only NaCl salt and the black line corresponds to the number of K+  ion where the 
system contains only KCl salt. Each system contains either (a) and (b) a single PNT or (c) and (d) a single CNT. The 
chirality of each nanotube is (9,9). The salinity of each system is (a) 150 mM (b) 600 mM (c) 150 mM and (d) 600 
mM. (e) Number of water molecules inside different (9,9) nanotubes.  
  
e 
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4. Radial distribution function and coordination number of ions in bulk and 
confinement 
 
Figure S3. (a) Radial distribution function and (b) coordination number of different ions in bulk with the oxygen 
atoms of water. (c) Radial distribution function and (d) coordination number of different ions in the center of the 
nanotube with the oxygen atoms of water.   
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5. Water flux and salt rejection data 
Table S7. Water flux and salt rejection values across the PNT membrane. 
Pressure 
(MPa) 
Water Flux 
(/ns/tube) 
Na+ Flux  
(/ns/tube) 
Cl- Flux 
(/ns/tube) 
Na+ Rejection 
(%) 
  
Cl- Rejection 
(%) 
  
50 2.21 ± 0.01 0.000 ± 0.000 0.000 ± 0.000 100 100 
100 4.30 ± 0.02 0.004 ± 0.000 0.000 ± 0.000 90.76 100 
200 9.00 ± 0.01 0.006 ± 0.000  0.000 ± 0.000 94.30 100 
300 15.43 ± 0.01 0.033 ± 0.000 0.000 ± 0.000 81.46 100 
400 20.50 ± 0.03 0.057 ± 0.000 0.006 ± 0.000 75.62 99.72 
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Table S8. Water flux and salt rejection values across the PNT(H) membrane. 
 
 
  
Pressure 
(MPa) 
Water Flux 
(/ns/tube) 
Na+ Flux  
(/ns/tube) 
Cl- Flux 
(/ns/tube) 
Na+ Rejection 
(%) 
  
Cl- Rejection 
(%) 
  
50 28.13 ± 0.03 0.151 ± 0.000 0.027 ± 0.000 53.04 91.53 
100 54.76 ± 0.02 0.400 ± 0.001 0.119 ± 0.001 36.05 80.90 
200 110.14 ± 0.02 0.875 ± 0.001 0.324 ± 0.000 30.43 74.24 
300 164.75 ± 0.04 1.524 ± 0.002 0.675 ± 0.001 19.04 64.14 
400 223.14 ± 0.03 2.229 ± 0.001 1.065 ± 0.001 12.56 58.22 
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6. Collective diffusion model 
We are able to reproduce the water permeation rate with increasing pressure using collective 
diffusion model originally developed by Zhu et al. (Phys. Rev. Lett. 2004, 93, (22), 224501). The 
movement of water inside a nanopore generally follow coupled many-body dynamics and is 
described by a collective co-ordinate 𝑛(𝑡), which denotes the net amount of water permeation at 
time 𝑡. In the stationary state where a net water flux (𝑗𝑤) exists, the 𝑗𝑤 can be written as  
 
𝑗𝑤 =  
⟨𝑛(𝑡)⟩
𝑡
 
(S1) 
In equilibrium, the average value of water permeation vanishes on the average, i.e., 
⟨𝑛(𝑡)⟩ = 0. However, due to thermal fluctuations, spontaneous transport of water occurs which 
can be captured through 𝑛(𝑡). It has been shown that when 𝑡 is much longer than the velocity 
autocorrelation time of 𝑛, and the mean square of 𝑛, 〈𝑛2(𝑡)〉, follows Einstein relation  
 ⟨𝑛2(𝑡)⟩ = 2𝐷𝑛𝑡 (S2) 
where 𝐷𝑛 is defined as the collective diffusion coefficient of 𝑛.  
In the presence of a pressure gradient, ∆𝑃, across the membrane, the water flow across it 
attains a steady-state value, and the configuration of the membrane reaches a stationary state. In 
such a stationary configuration, the water inside the channel is assumed to be very close to the 
equilibrium condition, provided that the pressure gradient is not very high. Then the equilibrium 
value of 𝐷𝑛 can be used to define the biased random walk of 𝑛. The probability distribution of 𝑛 
at time 𝑡, 𝑝(𝑛, 𝑡), is described as a one-dimensional diffusion in a linear potential using the 
following Smoluchowski equation, 
 𝜕𝑝(𝑛, 𝑡)
𝜕𝑡
= 𝐷𝑛 (
𝜕2
𝜕𝑛2
+  𝛽𝑓𝑙
𝜕
𝜕𝑛
) 𝑝(𝑛, 𝑡) 
(S3) 
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⇒ 𝑝(𝑛, 𝑡) =
1
√4𝜋𝐷𝑛𝑡
exp [−
(𝑛 + 𝐷𝑛𝛽𝑓𝑙𝑡)
2
4𝐷𝑛𝑡
] 
(S4) 
where 𝑓 is the force due to the pressure gradient, 𝑙 is the length of the system across which the 
pressure gradient is applied, and 𝛽 = (𝐾𝐵𝑇)
−1. 
The average value of 𝑛 can be calculated as,  
 
⟨𝑛(𝑡)⟩ = ∫ 𝑛(𝑡) 𝑝(𝑛, 𝑡) 𝑑𝑛
∞
−∞
=
𝑓𝑙
𝐾𝐵𝑇
𝐷𝑛𝑡 
(S5) 
From equation (S1), the water flux then follows,  
 
𝑗𝑤 =  
⟨𝑛(𝑡)⟩
𝑡
=
𝑓𝑙
𝐾𝐵𝑇
𝐷𝑛 = −
𝑉∆𝑃
𝑁𝐾𝐵𝑇
𝐷𝑛 
(S6) 
Here 𝑓𝑙 = −
𝐴𝑙∆𝑃
𝑁
=  −∆𝑃𝑉/𝑁; 𝐴 = cross-sectional area of the membrane, 𝑉 = 𝐴 × 𝑙 = volume 
of the simulation box, ∆𝑃 is the pressure gradient, 𝑁 = the total number of water molecules. 
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In order to calculate the collection diffusion coefficient 𝐷𝑛, we first evaluate the number 
of water permeation event, 𝑛(𝑡) at each time step from the equilibrium simulation. The time series 
of the permeation event has been plotted in figure S4 (a). Then MSD of n for each system is 
presented in figure S4 (b). From the slopes of the graph, the 𝐷𝑛 values are determined to be 81.54 
/ns and 554.93 /ns for systems PNT and PNT(H) membrane respectively.  
 
Figure S4. (a) Time evolution of 𝑛(𝑡) for equilibrium MD simulation for two different types of PNT membrane. (b) 
Mean square displacement of 𝑛(𝑡). For each system, the trajectory n(t) is evenly divided into 2000 short time periods. 
In each period, 𝑛(𝑡) is treated as an independent sub trajectory 𝑛𝑖(𝑡) and is shifted so that 𝑛𝑖(𝑡 = 0) = 0. The 
average over 𝑛𝑖
2(𝑡) is then defined as the MSD(𝑡). From the best fit of the slope, the collection diffusion coefficient 
𝐷𝑛 is evaluated. A similar methodology has been implemented previously by Zhu et. al. in the original article of the 
collective diffusion model (Phys. Rev. Lett. 2004, 93, (22), 224501).  
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7. Osmotic pressure calculation 
From the collective diffusion model, we know the water flux is related to the hydrostatic pressure 
by the following relation (equation S6),  
 
𝑗𝑤 =  
⟨𝑛(𝑡)⟩
𝑡
=
𝑓𝑙
𝐾𝐵𝑇
𝐷𝑛 = −
𝑉∆𝑃
𝑁𝐾𝐵𝑇
𝐷𝑛 
(S6) 
Due to the equilvalence of hydrostatic pressure and osmotic pressure, one could calculate the 
osmotic pressure from the water flux also.   
The osmotic pressure in our study has been calculated by the following formula (Chem. Soc. Rev. 
2019, 48, (11), 3102-3144), 
 
𝑃 = −
𝑗𝑤𝑁𝐾𝐵𝑇
𝐷𝑛𝑉
 
(S7) 
where 𝑗𝑤 = water flux value, 𝑁 = total number of water molecules in the system, 𝐾𝐵 = 
Boltzmann constant, 𝑇 = temperature,  𝐷𝑛 = collective diffusion coefficient and 𝑉 =  total 
volume of the system. The detailed derivation of the formula has been given in the previous 
section.  
All the parameters are known except the water flux in Equation S7. From the linear region of the 
average water permeation versus time data (Figure S5), we calculate the net water flux. Then the 
osmotic pressure is estimated for different salt molarity using Equation S7. 
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Figure S5. Time evolution of inter-membrane distance and average water permeation rate. The center of mass 
distance between the two membranes in the osmosis simulation as a function of simulation time for (a) PNT and (b) 
PNT(H). Average water permeation per membrane as a function of simulation time for (c) PNT and (d) PNT(H).  
 
 
 
 
 
Table S9. Details of the trajectory interval in which osmotic pressure calculation was performed.  
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System Salinity of the 
system 
Trajectory interval in which osmotic pressure calculation 
was performed 
PNT 600 mM NaCl 
solution 
 50 ns to 500 ns  
1000 mM NaCl 
solution 
 50 ns to 300 ns  
2000 mM NaCl 
solution 
 50 ns to 200 ns  
PNT(H) 600 mM NaCl 
solution 
 5 ns to 100 ns  
1000 mM NaCl 
solution 
 5 ns to 50 ns  
2000 mM NaCl 
solution 
 5 ns to 20 ns  
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Figure S6. Instantaneous snapshots of the osmotic system in the different time intervals for (a) PNT and (b) PNT(H) 
systems. Red dots are Na+ ions and green dots are Cl- ions. The blue shade is the water box. The cyan color represents 
the PNT or PNT(H) membranes.  
